STEM CL SYSTEM DESIGN
The purpose of implementing a STEM CL system is to be able to correlate the information obtained from high spatial resolution cathodoluminescence with that derived from diffraction contrast transmission electron microscopy. As a result many of the ambiguities of SEM CL can be overcome, but at the price of serious loss of signal. There are two main reasons for the small CL signal obtained from thin samples. First, as the samples are thin only a small fraction of the incident energy is absorbed by the specimens. Second, that component of absorbed .energy which is captured as electron-hole pairs has a high probability of non-radiative recombination at the specimen surfaces. Although this loss of excitation to the surfaces is a serious handicap it does lead to a very important reduction in the effective carrier diffusion length, and hence to high spatial resolution in STEM CL images. For samples with thicknesses considerably smaller than the bulk carrier diffusion length it has been shown /1/ that the effective diffusion length is approximately equal to the sample thickness.
It is evident from these considerations that the STEM CL system requires efficient light collection, efficient light transfer and good detection. The system we have built is designed to operate in the visible / 2 / and near infra-red / 3 / regions of the spectrum. Efficiency of light collection was ensured by inserting part of an ellipsoidal mirror in the space between the specimen and the upper objective pole piece of a Philips EM400 TEM. The electron beam is incident on the specimen at one focus of the ellipsoid and the collected light is transferred to the entrance slit of a 50cm monochromator by means of thin quartz lenses. Single photon counting was possible in the visible region (300-900nm) by use of a GaAs photocathode detector. For the near infra-red (900nm-1.7)~m) a North Coast germanium detector was used. Phase sensitive detection was introduced by chopping the beam via the electromagnetic alignment coils, and parallel detection in the visible region has been implemented by dispersing the spectrum onto a CCD array.
In another implementation of a STEM CL system, the FTIR method has been used as an alternative means of parallel detection /4/. Our own system was designed to permit both spectrum acquisition and the generation of monochromatic CL maps which made the FTIR route less attractive to us.
There is a wide variety of light emission processes from semiconductors. They may be broadly categorised as band-edgelnear-gap emission and deep-level emission.In general the deep level emission from high quality material is at a low level.
Many deep level centres are non-radiative. The near gap emission, on which we shall concentrate, carries important information about the donors and acceptors in the material. At room temperature, when both donors and acceptors may by thermally ionised, the emission is simply related to the band gap. However, at low temperatures, a good deal of fine structure appears in the near-gap emission as the donors and acceptors are populated by electrons and holes respectively, and electrons and holes bind to form excitons. The excitons themselves may bind to individual acceptors or donors with binding energies which are impurity-dependent.
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Thus, a aood deal of detailed information can be derived from emission spectra from cold specimens about the shallow impurities in semiconductors. By CL mapping an important additional step is made by providing information about-t5e impurity distribution. From these considerations it is apparent that the sample needs to be cooled by liquid helium in the STEM CL system. The cold stage used in these experiments was a modified form of the design introduced by Eades /5/. It lacks the second tilt axis of the original design but is very similar in other respects. In particular, the cold stage requires no modifications which are incompatible with the multi-user nature of the instrument: there is no liquid helium cooled shielding. In consequence, the lowest temperatures reached are rarely below 25K, and 35K was a fairly common operating temperature.
An efficient monochromatic TEPl CL system is capable of generating many individual maps, each one associated with a different wavelength of emission. It is therefore important to have a good system for image manipulation, capable of adding or substracting, multiplying or dividing, translating or cross-relating each of the individual maps. In our system the images can be transferred to a VAX computer interfaced with a P.AXTEI: frame store on which the SEMPER image manipulation routines have been implemented.
As there are relatively few STEll CL systems it is easier to generalise about them than in the case of SEM CL systems. This section is however added as a word of caution whenever a comparison is attempted between results obtained by the two different systems. Our experience indicates that very great differences can exist, to such an extent that totally different images can be obtained from the same specimen examined in both systems.
Some of the reasons for the differences are quite trivial but nevertheless deserve comment. Many SEM CL systems are relatively simple; they may not have liquid helium-cooled stages or monochromatic imaging systems. Clearly, to compare the results fron such instruments with those from a STEM CL system is to invite ambiguity. A more subtle but no less important difference comes from the efficiency of signal detection usually built into STEM CL systems. It is possible, because of the larger light output from bulk samples, to detect light in a SEM CL system with a very cheap diode. If the signal is low, the beam current can be increased to a high level while maintaining the relatively poor resolution of the SEPl CL arrangement. We have found that under these circumstances the semiconductor may well be emitting a totally different spectrum from that obtained with low excitation. Super-linear effects are very common in light emission and the peaks present at low excitation may saturate or become completely swamped by super-linear peaks at high excitation. Finally, there is the difference of spatial resolution in STEM CL compared with bulk specimen SEN CL. The proximity of two surfaces in thin film samples studied by STE1I CL can introduce profound changes. Emission spectra are thickness-dependent. Exciton emission is strongly reduced in thin samples. Surface fields can be established affecting the spectra. Thin film interference effects may play an important role. As an example, 'black spots', commonly observed at dislocations in SEM CL, are quite unrelated to the quenched exciton emission which has been reported at much higher spatial resolution in certain InP and ZnSe samples/6/.
3. COMPARISON OF STEM CL AND PEIOTOLU?fINE3CENCE (PL)
As PL is widely used as a means of characterising semiconductors, it is inevitable that an attempt is made to draw on the great wealth of reliable information which has been derived fron PL spectroscopy. There are, however, limits to the effectiveness of this comparison. It has to be remembered that most PL spectroscopy is conducted in the temperature range 2-6K, while even the best STEM CL spectroscopy is rarely below 20K. Such temperature differences may have profound effects on the emission spectra. Second, one has to be aware of the spectral differences which occur in thin films. Unfortunately there is very little information on PL from thin films, and much of what exists is contradictory or ambiguous.
There is no doubt that STEM CL is often a poor second-best to PL. Not only is there the difference in temperature attainable; there are two other respects in which STEM CL is inferior. In the case of PL it is often possible, by use of a dye laser, to perform excitation spectroscopy where the exciting radiation is tuned to different frequencies near the band gap of the semiconductor. A great deal of useful information can be gained in this way but there is no equivalent technique in STEM CL. Second, radiation damage effects often occur in electron microscopy which greatly affect CL spectra, but there is no equivalent problem in PL. These radiation damage effects are of two types: those caused by the electrons themselves, and those caused by ion beams accompanying the electron beam. It might be argued that the former damage problem is easily overcome by using an electron accelerating voltage below the displacement threshold for the semiconductor under investigation (this is typically between 150 and 200kV for many semiconductors).
Unfortunately this argument fails in the case of emission peaks associated with light impurikies which are more easily displaced from their lattice sites. We have found several emission peaks which are extraordinarily sensitive to electron irradiation even at 20kV. Ion damage is a much neglected issue in electron microscopy and fortunately, for many purposes, it is unimportant. CL is however also extraordinarily sensitive to ion damage and so we have become quite aware of the problem in recent years. In order to study the effect we have used a combination of CL itself with nuclear emulsions placed in the specimen holder and subsequently developed to reveal the ion impacts. Even the smallest leaks in the electron gun, undetectable by normal means, can produce ion damage. Gun instabilities can produce very serious ion damage. In order to overcome these difficulties we have been forced to modify our electron source by introducing a misalignment around which electrons are steered but ions are not.
In spite of these difficulties and disadvantages, the high spatial resolution of STEM CL experiments make them a potent source of new information in the characterisation of semiconductors. It should be borne in mind that the high spatial resolution is particularly important for device characterisation. Since many devices are deliberately doped at reasonably high levels, the advantages of greater cooling, as in PL experiments, is lost.
Moreover, it has been demonstrated that CL has important advantages for time resolution in luminescence experiments /7/.
EVALUATION OF THE PERFORElANCE OF THE STEII CL SYSTEM
Of the various parameters which are of interest, such as spectral resolution, spatial resolution and temperatures attainable none are very easy to define. The results are strongly dependent on the strength of the emission line, on underlying physics, on the specimen thickness and so on.
In the case of spectral resolution it is possible to achieve about 0.5nm at 600nm and 2n1. 1 at 1.2fim. However, nat many of the specimens we have studied would have benefitted from higher spectral resolution than this. At the temperatures and impurity levels normally encountered, such spectral resolution is quite acceptable. Spatial resolution is particularly hard to specify. Although, in general terms, the resolution goez down with the foil thickness the details depend greatly on the emission process. Excitons in semiconductors are typically lOnm or so in diameter and relatively weakly bound to impurities. As a result excitonic emission qenerally drops off rapidly in thin films. However, excitons in insulators can be of atomic dimensions and in this case about lOnm spatial resolution has been achieved in a STEM CL system /8/. Probably the best resolution in thin films is achieved by D A P /~~ (donor acceptor pair/free-neutral acceptor) processes and we have obtained lOOnm resolution at 450nm wavelength / 9 / . Submicron resolutions are regularly obtained in the visible region and, although the near infra-red emission is probably also submicron in spatial resolution, a good resolution test remains to be performed. When the signal level is very low the resolution is limited by stage stability. Our liquid helium-cooled stage is subject to considerable drift and occasional discrete jumps which can be greater than l~m . A typical spectrum acquisition takes 10 minutes, and a monochromatic image takes at least 30 minutes to acquire even for a strong emission peak. In many cases the spatial resolution is effectively signal limited.
Temperature is perhaps the easiest quantity to measure. One can get quite a good idea for GaAs or InP with DAP emission. With in'crease in temperature in the range which we normally achieve (25-40K) 'the donor becomes ionised and the emission shifts to eA with a shorter emission wavelength. In Si, where the availability of specimens and the understanding of emission lines is much greater, several different techniques can be brought to bear. At our typical operating temperatures the excitons in many Si samples are free. It is then possible to use the half width of the free exciton TO coupled peak as a measure of the temperature in the irradiated area /lo/. We used this technique to find a temperature of 33K in a typical experiment /6/. An equivalent technique is to measure the half width of the 'iJ zero phonon line (1.018eV) in irradiated Si /11/. Alternatively, one can turn to particular Si samples in which the excitons are very strongly bound to impurities. We have found the N/AL isoelectronic trap particularly effective in this respect. Three lines, labelled A B and C, occur at about1.122eV and the ratio of A/C can be used as a good measure of specimen temperature /12/. Once again 33K was determined by this technique. By very strong pumping of helium through the stage it has been possible to achieve 258. Of course lower temperatures, probably down to 15K, could be achieved by some modifications of the system. Our system is completely without low temperature shielding so as to be compatible with other STEP1 requirements such as EDX analysis. The small advantages of an extra 10K of cooling are at present outweighed by the convenience of operation for a large number of STEM users.
One a s p e c t of STEP( CL which i s p a r t i c u l a r l y a t t r a c t i v e i s t h e wide range of pumping c u r r e n t s which a r e a v a i l a b l e and it i s e a s i l y p o s s i b l e t o vary t h e e x c i t i n g c u r r e n t from picoamps t o microamps.
An example of t h e u s e of t h i s f a c i l i t y i s given i n t h e f i n a l s e c t i o n of t h i s a r t i c l e .

. THIN FILM EFFECTS AND SPECIMEN PREPARATION
I n view of t h e c l o s e proximity of two s u r f a c e s i n t h i n f i l m STEM CL, s u r f a c e treatment i s a very important i s s u e , b u t not one well under c o n t r o l i n normal specimen p r e p a r a t i o n . There a r e two main s u r f a c e c o n t r i b u t i o n s . One i s t h e s u r f a c e recombination v e l o c i t y . This can be g r e a t l y enhanced o r reduced, depending on t h e s u r f a c e treatment.
The o t h e r i s t h e r e f l e c t i n g p r o p e r a i e s of t h e s u r f a c e , both f o r l i g h t and f o r c a r r i e r s o r excitons. There i s a long way t o go b e f o r e t h e s u r f a c e e f f e c t s a r e properly understood, b u t a t p r e s e n t it i s f a i r l y c l e a r t h a t chemically prepared s u r f a c e s a r e p r e f e r a b l e t o i o n etched surfaces.
I t i s very p l a u s i b l e t h a t t h e p o i n t d e f e c t s and c r y s t a l degradation caused by i o n thinning w i l l cause high c a r r i e r s u r f a c e recombination v e l o c i t i e s , although wid? v a r i a t i o n s can be a n t i c i p a t e d , depending on t h e t h i n n i n g c o n d i t i o n s used. I t i s well-known t h a t chemical treatment can considerably a f f e c t t h e l i g h t o u t p u t v i a changes i n t h e s u r f a c e recombination v e l o c i t y . I t i s a l s o known t h a t poor chemical e t c h i n g can l e a d t o e t c h p i t s , oxide d e p o s i t s and g r o s s
s u r f a c e inhomogeneities. Such c o n s i d e r a t i o n s a r e c l e a r l y of g r e a t s i g n i f i c a n c e i n specimen p r e p a r a t i o n .
It i s f o r t u n a t e t h a t w e l l -c h a r a c t e r i s e d s e l e c t i v e e t c h e s have been discovered f o r e p i t a x i a l l a y e r s of A&Gai-=As on G a A s . These can be c o n t r o l l e d t o g i v e smooth c l e a n s u r f a c e s with r e l a t i v e l y low s u r f a c e recombination v e l o c i t i e s . A s a r e s u l t it i s p o s s i b l e t o produce l a r g e t h i n a r e a s (say lmm diameter) of uniformly t h i n e p i t a x i a l l a y e r f i l m s f r e e d from t h e i r s u b s t r a t e s . These f i l m s a r e very s u i t a b l e f o r STEP1 CL. By using h i g h e r o p e r a t i n g v o l t a g e s it i s u s u a l l y p o s s i b l e t o perform d e f e c t c h a r a c t e r i s a t i o n by TEM while CL c h a r a c t e r i s a t i o n may be performed a t lower o p e r a t i n g v o l t a g e s on t h e same specimens. The large t h i n a r e a s allow macroscopic c h a r a c t e r i s a t i o n of d e f e c t s i n t h e specimens. Even more favourable i s t h e c a s e o f quantum well systems where t h e e x c i t o n s a r e contained within t h e w e l l s and cannot escape t o t h e f r e e s u r f a c e s t o any a p p r e c i a b l e e x t e n t . By comparison, c r o s s -s e c t i o n a l samples a r e n o t easy t o prepare, a r e s t a t i s t i c a l l y i n s i g n i f i c a n t , a r e g e n e r a l l y prepared by i o n t h i n n i n g with a s s o c i a t e d high s u r f a c e recombination v e l o c i t y , and t h e containment by
quantum w e l l s i s no longer e f f e c t i v e i n preventing c a r r i e r s reaching t h e s u r f a c e s . A s a r e s u l t , n e a r l y a l l of our TEM CL experiments have been performed on chemically prepared planview samples.
APPLICATIONS OF TEM CL
The B r i s t o l TEM CL system h a s been applied t o t h e c h a r a c t e r i s a t i o n o f a wide range of semiconductors including S i , InP, GaAs, ZnSe, CdTe, ZnS and t e r n a r y a l l o y s of 1 1 1 -V and 1 1 -V I semiconductors. A b r i e f i l l u s t r a t i v e review of some of t h e r e s u l t s w i l l be given.
( a ) E l e c t r o n i r r a d i a t i o n damage of S i (with Fiona Johnson)
The ion-free o p e r a t i o n of our EM430 TEM with continuous c o n t r o l of o p e r a t i n g v o l t a g e from 50-300kV provides an i d e a l source f o r studying near-threshold e l e c t r o n i r r a d i a t i o n damage. Experiments may be performed a t any chosen l o c a t i o n of a specimen, i n any chosen c r y s t a l o r i e n t a t i o n , a t any o p e r a t i n g v o l t a g e w i t h i n t h e o p e r a t i n g range and a t any temperature between 30-1300K.
Me have used t h i s f a c i l i t y t o study t h e l o c a l i s e d e l e c t r o n r a d i a t i o n damage of f l o a t zone S i containing reasonably high carbon concentrations.
Typical s p e c t r a b e f o r e and a f t e r e l e c t r o n r a d i a t i o n damage a r e shown i n F i g s 1 and 2. Note t h e dramatic l o s s of e x c i t o n i c emission and t h e occurrence of s t r o n g G-line (969neV) emission a f t e r i r r a d i a t i o n . When t h e i r r a d i a t e d sample has a h i g h e r oxygen c o n t e n t another l i n e cor,monly occurs a t 789meV. T h i s i s t h e so-called C l i n e and i s a s s o c i a t e d with a complex involving carbon and oxygen.
( b ) Conventional GaAs/AlGaAs h e t e r o s t r u c t u r e (with S t e f a n Myhajlenko) I n t h i s c a s e a plan view s e l e c t i v e l y etched ~lGaAs/GaAs/Al~aAs sandwich was pumped l o c a l l y with an i n t e n s e e l e c t r o n beam. The sequence of changes which occurred i n t h e emission spectrum i s shown i n F i g 3a-d. The broad GaAs emission band i s modulated by a s e t of f i n e r i n g e s caused by t h i n f i l m i n t e r f e r e n c e i n t h e samples.
A s t h e pumping c u r r e n t was increased, t h e p o s i t i o n of t h e i n t e r f e r e n c e maxima s h i f t e d somewhat on account of r e f r a c t i v e index changes.
Eventually s u p e r -l i n e a r i t y of t h e GaAs emission occurred and a s t r o n g peak near t h e G a A s band gap became dominant. A graph o f l i g h t emission versus puraplng c u r r e n t i s given i n F i g 4. Note t h a t t h e c a v i t y i n t h i s case extends between t o p and bottom s u r f a c e s of t h e t h i n f i l m and i s orthogonal t o t h e c a v i t y b u i l t i n t o t h e sample. (c) Dislocations and luminescence We have made a broad study of dislocation-related luminescence effects in 111-Vs, 11-VIs, bulk grown epitaxial layers, heterostructures and quantum wells.
The general view of this work performed by STEM CL in thin specimens is that the effects which we observe are the consequence of impurity segregation to the dislocations. The effects are critically dependent on the thermal or growth history of the samples and not appreciably dependent on the dislocation character. Thus dislocations in InP bulk grown material only showed exciton quenching after a high temperature anneal of the material / 6 / . Threading dislocations in epitaxial layers of ZnSe grown on GaAs also showed exciton quenching / 6 / as well as new emission peaks (Yo) at longer wavelengths. Dislocations in so-called lattice-matched GaAs/AlGaAs quantum well systems showed exciton quenching and longer wavelength emission principally when the dislocations ran along the interface between quantum wells (S Bailey & J W Steeds, to be published). The strength of the luminescence effects was notably dependent on specimen purity, decreasing as the impurity level decreased. This work has also been extended to oval defects in the MBE grown quantum well samples.
(d) Stacking faults in GaAs/AlGaAs quantum wells (with Simon Bailey) Stacking faults tend to nucleate at substrate impurities (probably carbonaceous). These may either take the form of alternating intrinsic/extrinsic stacking fault pyramids, or else of folded-back pyramids composed of close faults which are either intrinsic or extrinsic in character. It was found that the long wavelength impurity tail to the quantum well emission peaks was enhanced in the vicinity of the stacking faults, and also that extra structure was observed in the tail emission. Exciton quenching was observed when imaging using the quantum well peak, but there was enhanced emission in the general area of the stacking fault when the long wavelength tail was selected. The individual maxima in the tail gave rise to somewhat different image structures, suggesting that different exciton binding energies were associated with impurities in the intrinsic, extrinsic and doubled-back faults / f 3 / .
(e) Twins in CdTe (with John Day) In addition to the normal excitonic and DAP emission peaks which were observed in CdTe grown as epitaxial layers to GaAs, occasional peaks were observed with unusual emission energy and excitation dependence. By monochromatic imaging it was found that these peaks were associated with closely spaced twins in the CdTe, and we speculate that these act as defect two-dimensional quantum wells as proposed by Ohyama et a1 / I + / .
(f) Interface steps in AlGaAs/GaAs single quantum wells (with Jiannong Wang) Samples grown by MBE, with and without growth interrupton to give interface smoothing, were studied.
As reported by several previous workers, the excitonic emission of growth-interrupted samples showed additional fine structure which has been interpreted as emission from regions of different layer width. For samples grown without interruption, the spacing.between interface steps is reckoned to be smaller than the exciton size so that a broader envelope peak is obtained. Our own results, showing peak splitting from growth-interrupted samples, are shown in Fig 5a,b . By forming monochromatic images from the two peaks shown in Fig 5a, marked anticorrelation between emitting regions can be observed (Fig 6) . This result, previously reported by Petroff et a1 1151, is consistent with the view that any given area must be either n or n+l monolayers thick. However, the results are not entirely convincing for several reasons. First, the island spacings implied are considerably bigger than would be anticipated.
Second, a newly developed electron diffraction technique 1161 was applied to the same samples but failed to reveal a similar microstructure to that implied by Fig 6. Finally, we noted that the anticorrelating CL maps were radiation-sensitive and could not be reproduced from the same area on a second occasion, although the emission spectrum was unaffected.
Further work is called for to elucidate this problem. (g) AlGaAsIGaAs SQW dots (with Jiannong Wang, Steve Beaumont & Hazel Arnott) An array of quantum dots containing SQWs of different sizes was recently examined (bulk, not thinned) with our STEM CL system. Images obtained in the nominally 5nm and lOnm wells are shown in Fig 7. A number of interesting points arise. First, the large bright area in each image is a growth fault. Second, one spot (arrowed) is absent in the lOnm image but present in the 5nm image. Third, one spot (cross) is weaker than others -this was subjected to intensive irradiation during the course of prolonged experiments. Fourth, the apparent spot size is considerably greater than the true spot size, and also apparently different for the two different wells. Care has to be exercised because the method of image display could produce an artificial difference between the two quantum wells. Work continues on this interesting topic. The spacing of t h e d o t s i s 6 +m and t h e d o t s i z e i s 0.3 wm. The image on t h e l e f t i s from t h e emission from t h e lOnm w e l l s and on t h e r i g h t from t h e 5nm wells. 
